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ANALYSIS OF CLOSE LUNAR TRANSLATION TECHNIQUES

By Joskri N, S1vo, Cari E. CampBeLL, and Veapisir Hamza

SUMMARY

An analysis of several techniques for close lunar
anslation was made to determine their relative
werits based primarily on fuel consumption. It
was assumed that the lunar vehicle was in a near-
overing condition at the start of the maneuver.
Yanslation was accomplished ballistically or at a
ynstant altitude. I the latter case, lateral thrust
sas obtained by tilting a single-engine vehicle or by
e use of auxiliary side-thrusting engines. The
tudy considered translations up to § statute miles in
ngth.

The ballistic maneuver consumed the least fuel
o given range; however, the constant-altitude
waneuvers were not greatly different.  The single-
ngine tilting vehicle was more efficient than the
wiltiengine system for constant-altitude translation.
wr constant-altitude translations of a given range,
1el consumption decreased when the vehicle was
Howed to coast (vertical thrust only) between the
ceeleration and deceleration portions of the flight
s compared with no-coast translation.

The total on-board fuel requirements of a lunar
inding vekicle decreased with decreasing  hover
ltitude regardless of the translational maneuvers
nsidered.

INTRODUCTION

With the advent of lunar expeditions using
wanned vehicles, it appears that it will be neces-
iry to include in the vehicle design a capability
f hovering near the lunar surface andfor of
fecting horizontal translation prior to landing.
sme of the reasons for this requirement include
fined landing-site selection, lunar surface survey,
1d the need to reach a specific rendezvous point
1 the lunar surface.

During the past 2 years, various studies of the
atomatic landing phase from termination of the
ving of the main retrorocket to the point of soft

lunar contact have been conducted (c.g., refs.
1 and 2). The primary emphasis in these studies
has been on guidance instrumentation and pro-
pulsion system requirements which will satisfy the
objective of a soft landing. Some thought has
been given to the alteration of the descent trajec-
tory in order to accomplish a translation of the
impact point. It is generally agreed that, if an
alteration of the flight puath is to be made to change
the impact point, the sooner it is accomplished,
the more efficient will be the fuel consumption
during the descent.  However, it is quite possible
that a final decision will be required in very close
proximity to the lunar surface, owing to problems
of visibility and resolution through the rocket
exhaust and possibly lunar dust and to vehicle
vibration effects on the observer.

Related hierein is a brief analysis of several
types of translational mancuvers that can be used
after the vieinity of the lunar surface has been
reached and the vehicle brought to a hover or
near-hover condition.  The initial conditions of
the terminal mancuver can be reached by retro-
rocket firing during a collision trujectory approach
or a grazing trajectory approach to the lunar
surface. The types of translation mancuvers
presented are constant-altitude translation using
both single and multiengine systems and a
ballistic translation which includes the final phase
of deseent to the lunar surface.  These maneuvers
were analyzed over a range of initial altitudes up
to 40,000 feet for thrust-to-lunar-weight ratios up
to 10 and for translation distances up to 5 statute
miles.  The relative merits of each type of mancu-
ver are discussed mainly on the basis of fuel
consumption for propulsion systems with both
variable- and constant-thrust engines. The time
factor associnted with the various maneuvers is
also discussed.
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Charts for the solutions of the motion cquations
for ballistic-type translational manecuvers are
. S .
presented in appendix €. These charts provide «
relatively rapid means of approximating the
requirements of ballistic trunslation for a variety
of inttial conditions,

ANALYSIS OF BASIC MANEUVERS

The {ollowing analysis assumes the vehicle to
be a point mass concentrated at the vehicle
center of gravity and mancuvering in a constant-
gravity field. Al weights presented are moon
weights. In all cases, the horizontal and vertieal
velocity components at the end of the transla-
tional maneuver are zero.  The following analysis
is presented in more detail in appendix B.

BALLISTIC TRANSLATION

A sketeh of typical vehicle trajectories during
a ballistic maneuver is shown in figure 1. The
general procedure in performing this maneuver
woulbd begin with rotation of the vehicle to the
proper firing angle.  Thrust is then initiated
(point A) and maintained while the firing angle
(thrust vector angle) is held constant with respect
to the local vertical. A constant firing angle,
which ix optimized to maximize the range during
hoost and the free-flight phase, is used to facilitate
the caleulations.  Although the use of a fixed
firing angle is not necessarily a teue optimum pro-
cedure for the burning times involved, the non-
optimum  effects can be  cousidered negligible.
The thrust is terminated and the vehicle is allowed

Thrust on
Thrust off

rEnd of boost
[End of coaost

N4
/
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° N N~ Poth for finite
3 \\ N initial vertical velocity
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< \ \\ ~Path for
‘ ¢ ) \ \ // zero initiol velocity
ree- fall region \ \/
| \
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1 \ )\ Starting of
i o - TN retrorocket
T R;ngéi h

Fravre 1. Typieal ballistic translation trajectories.
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to coust and fall (reely to the retrorocket firin
altitude.  Prior to the retrorocket phase,
vehicle is alined along the velocity vector. T}
thrust veetor is maintained along the veloeit
veetor during retrorocket firing until zero veloeit
is reached. Thrusting along the velocity veetc
ensures simultancous termination of hoth horizot
tal and vertical veloeity components.

In the ballistic mancuver, with constant thrus
weight ratio nintained during burning (variabl
thrust engine), the total range is made up of
boost phase, a free-flight or unpowered phase, an
a retrothrust phase. During the hoost phase
range change oceurs as a result of initial horizon t:
veloeity (A% and hoost thrust (AR2,). Durin
free flight, the range change vesults from a coas
to maxinium altitude and return to burnout alt
tude when the burnout velocity is directed upwar
(A2, followed by a free fall from burnout altitud
to the retrothrust initial altitude (AR2,,). Rang
during boost and free-flight phases was obtaine
with closed-forn solutions of the motion equation:
since time is the only variable.  However, durin
retrothrust, the range A2, was obtained by a
analog solution of the motion equations in whie
both magnitude and direction of the velocity ar
variables.

The fuel conswmption during the maneuver
given by the following equation :

wey e )
(gu,.‘”>,m] “1)[ af :I

sp

(Symbols are defined in appendix A.)

A graphical solution of the ballistic maneuve
with constant thrust-weight ratio is given i
appentdix C.

The equations that result if a constant-thrus
engine is used are mueh the same as with constar
thrust-weight ratio.  In this instance to simplif
the caleulations the range during retrothrust A/
was determined from a closed-form solution of th
motion equations made possible by assuming th
the thrust vector angle was constant with respec
to the local vertieal during vetrothrust.  This sti
requires an iterative solution to obtain zer
veloeity components at the termination altitud
however, since the constant-thrust case was onl
used as a point of comparison, a machine comp
tation was not warranted.
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The resulting fuel consumptions during hoost
nd retrothrust are as follows:

(" w ,) _ (Fwgt,
Wy p ('].\'p

() it

Wy, al,,

HORIZONTAL TRANSLATION

This maneuver ean be performed with a vehiele
vhich provides separate engines for the vertieal
nd horizontal thrust requirements or with a tilting
rehicle that uses a single engine to provide both
hrust components.

With the multiengine system, the procedure
vould be to accelerate horizontally from a hover-
ng condition with the horizontally mounted engine
o some veloeity, then coast with this engine off,
vith altitude being sustained by the vertically
iring engine.  The vehiele would then be deceler-
ited 1o a hovering condition with either a dia-
netrically opposed horizontal engine or after a
‘ehicle rotation of 180° with the same horizontal
ngine.

The total range of the transhution using the
by the following

nultiengine  system is given

‘quation:
[l,.r :AI‘)IU'N it ‘-\I‘)r T A[‘):/u'r/

vhere AR, ceei= AR eer when the horizontal engine
naintains a constant thrust-weight ratio,

The resulting Tuel consumption for this system
eiven by

w, ' [ R VATTOI P
(u:):1—”l) al al
W/t L S W

The single-engine  syvstem requires  that  the
ehiele be tilted to a preseribed angle to provide
This necessitates an in-

L

wrizontal acceleration.
rease in engine thrust during tilting in order to
naintain a vertical thrust component equal to the
rehicle weight.  During the tilting, a horizontal
ranslation occurs.  The vehicle then transhutes
it constant altitude and constant thrust angle
vhere the engine thrust-weight ratio is presumed
onstant. The vehicle is then returned to the
-ertical position with thrust equal to weight and
llowed to coast. The tilting procedure is dupli-
ated in the reverse direction to decelerate the

vehiele. A detailed discussion of firing angle
optimization is presented later in the report.
The total range equation using a single engine
is somewhat more complicated than that for the
multiengine case, since translation oceurs during
. . s S
vehiele tilting. The equation is

0
l.’,:_\lz’:r filt-{»‘_\ln’,meﬁAlf] telt4-AR,

0 ¢

o [t
—]~AI{:| fa'1f+_\11,,,(rl+Al.’] tilt
il _—

v 0 @ I
i eon] war] " ar]
o ¢ n —¢

denotes the range covered during the vehiele orien-
tations required to provide horizontal thrust and ¢
is the thrust angle relative to the local vertical.

The fuel consumption is also somewhat involved

where

and 1s as follows:

1
( u‘;) :1—[(.\‘0(' e+ lan¢) ‘”"'-‘f]
t

”’l;
B LA B
.1 (I[”, I (Il.\p

DISCUSSION

It was considered bevond the scope ol this
analysis to treat the many thrust modulation
techniques possible for Junar translation.  The
most. obvious approaches and the most amenable
{o analyvsis are 1o use either constant thrust or
thrust which is varied to hold a constant thrust-
weight ratio.  OF the two methods, constant
thrust-weight ratio is the simpler to compute and
is primarily used in this report as the thrust con-
trol  technique.  As might be expected, this
technique will not exactly assess the fuel required
for all thrust modulation techniques, but it will
vield numbers that can be considered typical. To
illustrate this, & comparison of fuel costs is made
between a constuant-thrust svstem and a constant-
thrust-weight-ratio system for a vertieal descent
maneuver and a ballistic translational maneuver in
ficures 2 and 3, respectively. Free falls from
20,000 and 10,060 feet were arbitarily chosen to
illustrate the vertieal descent maneuver (fig. 2).
ralues of fuel-to-initial-weight ratio
techniques  as

The lowest

oceur with  the constant-thrust



4 TECHNICAL REPORT R—126—NATIONAL

F S A A A S R B I [
. . -———— Constont thrust- P -
weight ratio ‘

initial
— — — Constant thrust v m,u:;_lzegghf
20,000 P Free falt : ratio ]
d \\\ | ! | ! Fiwg
H ; s — P
Sl 8
18000 , \ SRR AR A
. Thrust- ; j/ ; i
o \\ ’ weight 1 / ‘ A
- i
16,000 \ - - rotio, b e —
' \ Flw A
o \ o o
140001 - . c A o
\ i /' i
Fuel consumption \ ' A A
12,000} - ratio, » ——
. w,/wO !
- 3 ¢*;
<
T 10000 -
z -
8000} .
6000 -
4000
2,000 -
-
L : 1 ‘
0 100 200 300 400 500 600

Vertical velocity, fi/sec

Frarre 2 —Fuel cost conparizon of constant-thrust and
constant-thrust-weight-ratio systems for vertical de-
seent,

shown by the values noted at comparable thrust
initiative  points.  However, at  thrust-weight
ratios greater than 4, the difference in the two
thrust modulation methods ean be considered
negligible.  Here and in all subsequent figures and
examples, the specific impulse has a value ol 400
seconds,

Iu the ballistie translation maneuver selected for
this example (fig. 3), the initial altitude is equal to
the final altitude (see sketeh in fig. 3).  The tiring
angle is held constant during boost at a value
which maximizes the range and minimizes the fuel
consumption during the boost-free flight phase of
the flight.  The optimum constant firing angle ¢
as a funetion of the thrust-weight ratio is presented
in figure 4. The optimum, which includes the case
where retrothrust initiation occurs below  the
mitial altitude, is obtained by partial differentia-
tion of the range equation for the boost-free flight
phase as a function of the angle ¢ for constant

AERONAUTICS AND SPACE ADMINISTRATION

thrust-weight ratio.  Although the optimum angl
was obtained using constant thrust-weight ratio, i
can be and is used for the constant-thrust case wit
little error.  During the retro thrust portion, th
thrust vector is maintained along the veloeit
veetor until zero veloeity is attained.  Again th
constant-thrust  system  vields the lowest fuc
ratios; however, as before, the difference is quit
small and can be considered negligible in the rang
of interest, that is, translation distances up to

statute miles.

It is apparent that the small difference betwee
constant thrust and constunt thrust-weight rati
for the ballistic case will not alter the trends tha
will be established using the constant-thrust
weight-ratio technique. It is shown luter tha
this is also the case when considering constant
altitude translation techniques.

The discussion to follow considers three maneu
vers, ballistic translation, constant-altitude trans
lntion with a single-engine system, and constant
altitude translation with a multiengine system
Typical cases of translational mancuvers wer

~Free flight

i
i J ——— R h
rBoosl/, - - i etrothrust

‘

Altitude

Range
08 i T 1 1 r ! | —
| Constant thrust-weight ratio
i —— — — Constant thrust
o L I H ; | -
£
£ 3 ;
| i
g 06 : — Range, —
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[~
2
-
E
=)
2 .04
o
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»
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2 | !
‘ | : 1 ; ’
o2l i | i ! L
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initial thrust- weight ratio, (Frw)y

Fravre 3.—Fuel cost comparison of coustant-thrust anc
constant-thrust-weight-ratio =ystems for ballistic trans
lation.
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Trarre 4.—Optimum thrust angle for given constant
thrust-weight  ratio to bhoost and coazt
phase.

maximize

solected to illustrate the relative merits of ecach
maneuver based on the theoretical fuel consump-
tion and maneuver time.  Each mancuver is first
discussed individually to illustrate the effect of
system  variables that pertain directly to the
maneuver under consideration. A relative com-
parison of the three types is then made.
BALLISTIC TRANSLATION

The effect of engine thrust-weight ratio on
overall fuel consumption (retrothrust and boost
thrust fuel) and maneuver time for the ballistic
maneuver is shown in figure 5. An initial altitude
of 10,000 feet with an initial velocity ol zero is
assumed, with retrothrust termination at zero

altitude and veloeity. The firing angle during
boost is held constant at an angle which maxi-
mizes range during the boost-coast phase of the
flight. During retrothrust, the thrust vector is
maintained along the velocity vector. The rota-
tion time required to aline the vehicle prior to
boost is assumed to be zero.

Increasing the thrust-weight ratio above 4
(fig. 5(a)) results in only a relatively small redue-
tion in fuel consumption for a given range. It
should be noted that a large portion of the total
fuel consumed in this case is used to overcome the
vehicle’s initial potential energy, as indicated by
the zero-range curve.  The percentage cost of fuel
per unit horizontal distance traveled decreases

.09 l
}O o8 \ r’
+ N
* o7 \ =
2 Range, ™
2 0 - 1” [ —
(= —1
o +—+
2 05 N _ZOA‘OQO_
E \,\ T T
2 S 15,000
c \ — ]
3 04 i ——— 10,000 -
— L
S P~ i 5I‘OdO
“ 03 — S T
Hla)+—1——t+ 1 %TH o —
o2l | L 1. L
| 2 3 4 5 6 7 8 9 10

Thrust -weight rotio, F/w
() Fuel consumption.

Frovre 5. Dffect of thrust-weight ratio on fuel con-
sumption and maneuver time for buallistie translation.
Initial altitude, 10,000 feet; initial veloeity, 0.

140 ﬁ —_"JR
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(b) Maneuver time.

Fiavre 5.—Coneluded.  Effect of thrust-weight ratio on
fiel consumption and mancuver time for ballistic
translation.  Initial altitude, 10,000 feet; initial veloe-

ity, 0.
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Fravre 6. Effect of initial altitude on overall fuel con-
sumption.  Ballistie  translation  during  descent  for
initial veloeity of zero and thrust-weight ratio of 8.

slightly: with increasing range for a given thrust-
weight ratio.

The duration of the manecuver which ineludes
boost, coast, and retrothrust times decreases with
inereasing thrust-weight ratio (fig. 5(b)). How-
ever, only a 20-percent reduction oceurs when the
thrust-weight ratio increases from 2 to 10, The
approximate time available for observation and
decision during the coast portion of the mancuver
15 70 10 110 seconds for the translation ranges being
considered.

The elfeet of the initial hover altitude on the
overall fuel consumption of the boost plus retro-
thrust system is shown in figure 6 for a (hrust-
weight ratio of 8. Also indicated in the figure are
the approximate mancuver times involved. The
same assumptions apply here as in figure 5. As
can be seen by the range curves, the lower the
hover altitude, the lower the fuel consumption for
a given translation (including the fuel required to
bring the vehicle to zero altitude). Again, as
noted in conneetion with figure 5, a large portion
of the fuel required for this terminal maneuver is
expended to overcome the initial potential energy
of the vehiele (initial hover altitude), as indicated
by the zero-range curve.

IT the main retrothrust system which delivered
the vehicle to the hover altitude is considered ns
it should be when assessing the overall mission

AERONAUTICS AND SPACK ADMINISTRATION

fuel consumption, the lowest hover altitude
commensurate with the requirements of the overal
mission is still the most desirnble. This is the case
because a choice of hover altitudes is available
without requiring o significant change in the
main retrothrust system fuel requirements.  This
15 essentially true for all descent trajectories
However, it can most easily be seen by exam-
ining the characteristic veloeity iuerement A1 ol
the main retrothrust system for 1 vertical descent
trajectory, which is given by

. m, Mo
AV g1, In f—*—i—J o i
1”11 ]

For a practical lunar descent, the velocity inere-
v

ment given by the “gravity term” J o dt is small

i
relative to the total veloeity inerement, amounting
to approximately 10 percent.  If the altitude at
which the main retrorocket is fired were raised,
while all other quantities remained fixed, the total
veloeity inerement would change only as a result
of the small change in the gravity field experienced
by the vehicle during retrothrust, which affecets
only the gravity term, and a small change in
approach velocity.  The change in the hover
altitude would then be essentially equal to the
change in the initial retrothrust altitude, and the
fuel requirement would he unchanged.

After the vehiele has been delivered to a hover
condition, the maneuver which combines simul-
tancously a vertieal descent with a horizontal
translation will require the lowest fuel consump-
tion {o attain u given range. This can be clearly
seen from figure 6. A vertical descent from 40,000
feet 1o the lunar surface requires 5.27 percent
of the wvebicle weight at hover. A subsequent
10,000-foot  translation requires  3.58 perecent,
of the remaining vehicle weight or a total of
8.66 percent of the original weight 1o descend
from 40,000 feet and translate 10,000 feet.  If these
separate maneavers were performed simultane-
ously, the total cost would be only 6.18 percent
of the original vehicle weight.

Until now, the vehicle has been assumed {o
start the terminal maneuver from u hover condition.
Consideration will now be given to the case where
the vehicle has an initial downward vertieal veloe-
ity at the start of the maneuver, Figure 7 shows
the effect of initial velocity on fuel consump-
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Frovre 7. Effect of initial vertieal veloeity on fuel con-
sumption and maneuver time.  Ballistie translation
during descent for initial altitude of 40,000 feet and
thrust-weight ratio of 8.

tion for a combined descent and translation from
40,000 feet.  The fuel ratio presented is based on
the initinl weight of the vehiele for the 40,000-foot
altitude and the Initial velocity in  question.
Under these provisions the fuel consumption for
the maneuver increases with inereasing velocity.
At an initial altitude of 40,000 feet an inercase in
vertical velocity from 0 to 400 feet per second
increases the vebicle energy level approximately
18 pereent.  As expected, this results in a compu-
rable increase in fuel consumption.  The percent-
age of the total energy of the vehicle represented
by the initial vertieal velocity varies inversely
with the initial altitude. Therefore, the slope of
fuel consumption as a function of initial velocity
for a given range also varies inversely with alti-
tude. Maneuver time is also affected by initial
velocity and is reduced approximately 35 to 40
pereent when the veloeity is increased from 0 to
400 feet per second.

Just as the effect of hover altitude on overall
mission requirements has been discussed, so also
the overall effect of initial vertical velocity on
overall mission requirements must be evaluated.
To illustrate the fuel requirements for a typical
main retrothrust system, figure 8 relates the fuel
requirements to the velocity change accomplished
during retrothrust for a vertical descent mancuver.
Consider, for example, a typical mission with a

63012462 —2

velocity change of 9000 feet per second.  To reach
a hover altitude a deercase in velocity change of
400 feet per second (burnout veloeity of 400 ft/see)
inereases the burnout weight 1.6 percent. This
saving can then be credited to any subsequent
translation maneuver.  Assuming that the ve-
locity deerease of 9000 feet per second brings the
vehicle to a 40,000-foot hover altitude, the main
retrothrust system requires 52.8 percent of the
system weight (fig. 8): the descent from 40,000
feot, including a 20,000-foot. translation, then re-
quires 6.9 percent of the remaining weight (fig. 7).
This is u total of 56.1 pereent of the original weight.
If, however, an initial vertical velocity of 400 feet
per second is allowed at the start of the final de-
seent translation manecuver, the main retrothrust

10,200

9,800F

9,000

ft/sec

AV,

8600

8,200t —

Velocity change,

7,800—

7,400

7000 | Lol
.40 44 A8 .52 .56 .60
Fuel consumption ratio, s/,

Frauvre 8. -~ Ioffeet of main retrothrust system velocity change
requirements on fuel consumption ratio for constant-
thrust engine. Specific impulse, 400 seconds; thrust-mass
ratio, 50; average ueceleration due to gravity, 5.0

. (F/wgiy
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system requires 51.3 percent of the original weight
and the final maneuver 8.1 percent of the remain-
ing weight.  The total is then 55.2 percent or a
net saving of 0.9 percent of the original vehicle
weight, which may represent a significant fraction
of the useful payload. The gencral conclusion
concerning selection of the optimum hovering al-
titude and vertical velocity distribution between
main and final retrothrust is as follows: The lower
the hovering altitude and the higher the veloeity
at the end of main retrothrust, the lower will be
the fuel cost for the overall mission. However, in
addition to considerations of overall fuel require-
ment, the selection of hovering conditions for a

specific vehicle will also be governed by other
fuctors such as the finul retrothrust engine thrust
capability, sensor and control accuracies, lunar
surface irregularities, and so forth.

The effect of a nonvertical initial trajectory at
initiation of a ballistic translation maneuver on
range capabilities in any direction is shown in
figure 9. As would be expected, the fuel cost for
translating a given distance from the initiation
point is & minimum in the direction of the initial
horizontal velocity and maximum in the opposite
direction. However, the main point of interest is
that the contours of constant fuel consumption are
essentially circular with their centers at the impact
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oint, which is defined as the landing point that
vould be reached if no attempt were made to
ranslate. This concentric cirele relation between
he constant-fuel-consumption contours and the
mpact point is a good approximation with hori-
ontal velocity components to 100 feet per second.
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Fravre 10.—Effeet of horizontal engine thrust-weight

ratio on fucl consumption and maneuver time for
multiengine system.
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Figure 10.—Concluded. Effeet of horizontal engine
thrust-weight ratio on fuel consumption and mancuver
time for multiengine system.

It can be concluded that, for short ranges, the fuel
cost for translating a given distance f10m the
no-translation impact point is independent of
translation direction.

CONSTANT-ALTITUDE TRANSLATION

Multiengine system.—The first propulsion sys-
tem considered is the multiengine system which
has separate engines to provide (1) horizontal
vehicle acceleration and (2) vertical thrust to
hold altitude constant. The effect of the hori-
zontal engine thrust-weight ratio (ratio held con-
stant during mancuver) on fuel consumption for
translation only for both vertical and horizontal
engines and on maneuver time is shown in figure
10 for a range of 10,000 feet.

Two general maneuver techniques are employed
in the analysis.  One allows a vehicle coast period
at constant horizontal veloceity between the
acceleration and deceleration phases of the maneu-
ver. The other has continuous horizontal thrust
application and thereby zero coast time. In
figure 10(a), variations in fuel consumption during
translation, coast time, and aceeleration time
(equal to deceleration tinme) are shown as a func-
tion of the horizontal engine thrust-weight ratio
for the mancuver using a coast period.  The total
maneuver time is equal to twice the acceeleration
time plus the coast time. The relation between
thrust-weight ratio and coast time as shown is
that which results in minimum fuel consumption
and is given by

Jwy,

/”\/1+‘> Fiw),

(see appendix B). Fuel consumption deercases
with increasing thrust-weight ratio; however, only
small additional reduction occurs beyond a value
of 4. Sinee the time with the engine on (aceelera-
tion time) decreases very rapidly to a very few
seconds with inereasing thrust-weight ratio, the
vehicele and engine control response time require-
ments as well as engine weight Limitations will
limit maximum practical thrust-weight ratio.
When the coast period is eliminated, the effect
of thrust-weight ratio on fuel consumption 1is
somewhat different, as shown in figure 10(b) for
ranges of 5000 and 10,000 fect with variable thrust
(constant thrust-weight ratio) and for a range of
5000 feet with constant thrust.  An optinnun
thrust-weight ratio is evident at a value of 1.0
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10 T —— ratio on fuel consumption and maneuver time 1
—— With coast A . . 9 T .
e — Withou! coos! g as shown in figure 12, The horizontal componen
- 7 . .
= | l T of thrust is used as the abscissa to allow a mor
o8 —+ — direct compatrison of performance with the multi
" ; . . . .
= / | /i/ P engine system.  As with the multiengine system
g e : // the maneuver can be performed with and withou
5 .06 a coast period between aceeleration and decelera
c tion of the vehicle. The variables of fuel con
o . . . .
3 sumption, coust time, and acceleration time ar
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Horizontal component of thrust- weight ratio, (Fiw)y,
and is independent of range when vartable thrust
is used.  If a constant-thrust horizontal engine
were used, its p(\rf()nn;m(we as a function of its Fravre 12—Effect of horizontal component of thrust
weight ratio on fuel consumption and maneuver time fo
single-engine system.

(1) Translation with coust.  Range, 10,000 feet.

mitial thrust-weight ratio would be as shown by
the dashed line for the 5000-foot range. A
constant-thrust engine cannot maintain the opti- o ‘ .
mum value during the translation because of ' I . } 1
decreasing vehiele mass.  Therefore, as shown, )
it will not be as eflicient as the engine system
which can maintain the optimum constant thrust-
weight ratio of 1.0.

A comparison between maneuvers with and
without coast is illustrated in figure 11, where fuel
constmption 18 presented as a function of range.
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The maneuver with coast 1s the more efficient.
For example, with the 10,000-foot range, the fuel
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unit distance decreases with inercasing range,
Single-engine system.— If the coustant-altitude (1) Translation without coust.
“ Jeits 1 e - 3, N0 s sinele-onei ) . . .
translation is p('xf.'mmul' u‘\m}“ a hlllg..,k CIEI Fravere 12.—Concluded.  Effect of horizontal componen
svatem, thus requiring vehiele tilt, the effect of the of thrust-weight ratio on fuel consumption and maneuve
horizontal component of the engine thrust-weight time for single-cngine system.
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shown in figure 12(a) as functions of the horizontal
~omponent of engine thrust-weight ratio for the
maneuver with coust.  The relation between
engine thrust-weight ratio and coast time shown
i that which results in minimum fuel consumption
and is given by

to=2 \Vll Jy ——
[‘)(1' u)le Fjw)? ;1}
‘see appendix B).
The minimum fuel consumption for any range
s obtained with an engine thrust-weight ratio of

TRANSLATION TECHNIQUES 11

=

thrust-weight ratio of 4° 3 and a Glt angle measured
from the vertical of 60°. For thrust-weight ratios
ereater than optimum, the fuel ratio is relatively
insensitive to changes in thrust.  However, total
mancuver time (acceleration, coast, decel eration)
is reduced as thrust-weight ratio is inereased.

I the coast period is eliminated, the ()ptumlm
engine thrust-weight ratio decreases to 2. As
shown in figure 12(b), this corresponds to an
optimum horizontal (Ffw)y of 1.0 and a thrust
angle of 45° and is independent of the range. The
fuel ratio is relatively insensitive to thrust-angle
change near the optimum of 45°

2, which corresponds to a horizontal-component

In figure 12 it was assumed that the vehiele
rotation time was zero.  An analysis of the effect
of vehicle rotation rate on fuel consumption was
made, and the results indicate no significant in-
erease in fuel consumption ocecurs for rotation
rates of practical interest,

The effect of range on fuel consumption using a
with and without a
period is shown in figure 13, The mancuver with
const is the more eflicient of the two, as is the case
with nultiengine systems; however, the potential
oain is less with a 0,05 fuel ratio without coast
and @ 0.047 fuel ratio with coast at the 10,000-foot
range.  The optimum value of thrust-weight ratio
ix used in each ease. In general, as in the multi-
engine case, the fuel cost per unit distance traveled

single-engine systeni coast

deereases with Increasing range.

COMPARISON OF MANEUVERS

A comparison of the three translation techniques
(ballistic, constant-altitude with a multiengine
system, and constant- altitude with a single-engine
svstem) on the basis of over rall fuel costs is made
in figure 14, 1t was assumed that the initial alti-
tude and velocity of the vehiele were zero, and for
constant-altitude translation an optimum  coast
period was used.  Because of obvious practical
considerations, the engine thrust-weight ratio was
limited to a maximum of 10 for the ballistic and
the multiengine constant-altitude cases, although
the optimum value of thrust-weight ratio is infin-
ity. The time required for vehie le orientation was
assumed to be zero in all The ballistie
maneuver required the lowest fuel consumption for
The fuel ratios for the 20,000-foot

ballistic case, constant-altitude
and constant-altitude multi-

TASEeS,

a given range.
range for the
single-engine  case,



12 TECHNICAL REPORT R—126—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

engine case were 0.052, 0.065, and 0.071, respec-
tively.
SUMMARY OF RESULTS

The present analysis concerned mainly the mode
of translation starting from a hovering position
but also included & method for analysis with
initial horizontal and vertical velocities.  Some
specific results obtained in this analysis are:

1. A translational mancuver performed from au
hover position at essentinlly zero altitude can
result in a significant fuel consumption. For
instance, 5 to 6 percent of the vehiele weight may
be consumed while translating 20,000 fect hori-
zontally (approximately 234 percent of the vehicle
weight approaching the moon).

2. The greater the initial hovering altitude,
the higher will be the fuel consumed by the com-
bined translation-descent muanecuver; the total
on-board fuel requirements will also be increased.

3. There was no significant difference in fuel
consumption hetween constant-thrust or variable-

thrust engines used in ballistic mancuvers fo,
short translation distances (up to 20,000 ft).

4. A single-engine system requiring vehicle til
for horizontal translation appears to be mort
efficient than a multiengine system with separatc
engines for translation and lift.

5. The ballistic-type translation was the mos:
efficient manecuver based on fuel consumption
For example, fuel consumption ratio for a ballistic
translation for a range of 20,000 feet was 0.05%
as compared with a value of 0.065 for a constant.
altitude translation of the same distance using
the single-engine system.

6. For both the single-engine and multiengine
systems, introducing a coast period between ac-
celeration and retrothrust reduces the fuel con-
sumption for a given translation,

LEwrs REsEarcH CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Cruvernaxp, Oumo, August 17, 1961



APPENDIX A

SYMBOLS
a gravity ratio, g./n w rotation rate, radians/sec
F thrust, 1b Subscripts:
7 acceleration due to gravity, ft/sec? accel  acceleration
J. gravitational constant, 32.17 ft/sec? b boost
O lunar surface gravity, 5.4 {t/sec? ¢ coust
h altitude, {t decel  deceleration
I, specific impulse, sec f fucl
m mass, slugs ff free fall
2 range, {t h horizontal
t time, sec 1 instantanecous
1% absolute velocity, ft/sec r retrothrust
w loeal weight, Ib ot rotation
distance measured parallel to w-axis, ft ¢ total
& velocity measured parallel to z-axis, ft/sec vertieal
i acceleration measured parallel to z-axis, itinl conditions
ft/sec? 0 mnitia 'LOII it1
Y distance measured parallel to y-axis, ft ! end 0[, hoost
i velocity measured parallel to y-axis, {t/sec 2 end Ot_ (:oast
i acceleration measured parallel to y-axis, 9 end of free fall
{t/sect 4 end of retrothrust
é flight-path angle from local horizontal, deg ~ Superscript:
® angle of thrust vector from loeal vertical, — average value

deg



APPENDIX B

DERIVATION OF EQUATIONS

For this analysiz only static trajectories of the
vehicle eenter of gravity were considered in con-
junction with the assumption of a flat nonrotating
moon. The aceeleration due to gravity was
assumed constant for all caleulations.

MANEUVER TYPES

Ballistic translation. The following sketch is
presented  to illustrate the coordinate system
and the symbol notation used in the following
derivations:

The following assumptions were made to sim-
plify the motion equations:
(1) Constant ¢ during hoost
(2) Magnitude of ¢ based on maximizing
range during boost plus coast to retro-
rocket firing altitude (see fig. 4)

(3) Thrust vector maintained along velocity
vector during retrorocket firing for con-
stant thrust-weight-ratio case

() Firing angle held constant during retro-
rocket firing for constant-thrust case

For constant thrust-weight ratio a sunnation
of forces in the horizontal and vertical directious
during boost vields the acceleration equations:

(B1)
(B2)

Ey=g(Fjw) sin ¢

iv=y| (Fjw) cos p—1|
14

Integrating equations (Bl and (B2) twice gives
the range and altitude equations during hoost :

. .
2=y (Fjw) sin g L4t (B3)

we= gl () cos e— 11 i, (B4

The fuel consumption during boost is given by

i ST i _ (et
oy al

sp

(B5)

from an integration of
w, o
== ds
"y J oy

where

b Ey,
wy,  aly,

The standard zero-drag equations were used for
determining coast range and/or including a free-
fall period.

The retrothrust range and altitude are given by

s = SV cos @ dt (B6)

Y=V sin 9 d¢ (B7)
Equations (B6) and (B7) were solved in para-
metrice form with an analog computer over a range
of initial velocity, thrust-weight ratio, and flight-
puth angle to determine ignition and burning
times required to obtain zero veloeity at the
desired altitude.  The results are presented in
graphical form in appendix €.
The retrothrust fuel consumption is given by

‘u"f (I'},,’Jll,’,,‘)f, ,
S| =TI 9
" 1—eap [ ol :I (BS)
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Vhen constant-thrust engines are used, the aceel-
ration equations during hoost become
ey (Fo/wy) sin ¢
p=g -0 ,
no (Fwnt (B9)
al.,

(Fifwy) cos (4

Uy un)j
als,

.ij,‘é d

(B1o)

here

iy _Fywgt
Uy U]w

‘he boost range and altitude equations are by
egration

=g ‘][*{?:’f sin gl A A—=1)H 1] bty (B11)
o/ U
Yy=g (l[?z’/i) cos g f An 1—1) —~1]—q —}—1/.,1,,
(B12)

here
e it
al,
‘he boost fuel consumption equation becomes
mply
7’«’,/___(:[4' fu u)fh
w,  aly,

(B1:3)

ero-drag ballistic equations are used for the

st pertod.

The retrothrust range and altitude are given by
tal ks -

r==k 0+ ]' . sin e B(ln B—1)+-1]  (B14)
=y, t,+yg 1 ’( ccos o [B{In B—=1)—1]—y f;
l) f
(B15)
here
ety
=1 al.,

quations (B14) and (B15) are solved by trial
id error for values of ¢, and ¢, until the velocity
" the vehicle is zero.  The retrothrust fuel con-
imption is then given by

wy . (Fofwnt,

0, al,, (B16)

Horizontal translation.—This translation is per-
formed at constant altitude and thus requires :
vertical thrust vector equal to vehicle weight at
all times.

The multiengine system employs separate hori-
zontal engines for translation purposes which
maintain . constant thrust-weight ratio.  The
acceleration equation is then

&= { (1’:/7/}) h (I;] 7)
where the subseript A denotes horizontal engine,
A double integration of ecquation (B17) vields
the range cquation

r—=s (P )13 (BIN)

Since an equal time is spent during decel-
eration of the vehicle, the total
becomes o= g(F5w), 82 Tor aceeleration and decel-
eration. 1 w coast period is introduced between
acceleration and  deceleration, the total
equation bhecomes

v, — gUF e+ g (F )t

ratige eqution

range

(B1s:a)

where 7, is the time of coast.
The total fuel consumed during translation in-
cluding the coast period is as follows:

wy A1+ (Frwy)t, 1. .
Ty —erp {4 =210 o fe_ 9
w, F—erp { al,, al,, (B19)

By substituting for ¢, from equation (B1sa) into
(B19), the fuel consumption equation hecomes

wy 2 y
——=1— o —_— . IT [41‘ N
W, erp { a,ISp[ ( /U)/]

(2 { o
[ ‘)+J (/(F'u ]_a[w} (B20)

The total fuel consumption is a function ol three
variables for a selected propellant, namely, (Fin),,
te, und ro. In order to minimize the fuel consump-
tion, the absolute value of the exponent of equation
(B20) must be minumized. For a given engine
size, (F/w),, and range, the optimum coast time
is obtained by taking the partinl derivative of the
exponent of equation (B20) with respect 1o 4, and
equating it to zero; the resulting optimum is

t.=2 /fl
f{,

Ijw
— B21
y \/ 14204 w) B2y
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Substituting equation (B15) back into (B20) gives
the minmimum fuel consumption for u given (Fjw),
and z,:

Wy _ 2 ﬁ/w)+1 o
[ VIR e

For a single-engine system that requires vehiele ro-
tation to provide horizontal acceleration, the equa-
tion for horizontal acceleration during rotation is

F=g tan wt (B23)

where w 1s an assumed constant rotation rate.
The approximate range equation resulting from a

tad =
double integration of equation (B23) is

(/(¢h ‘Ph
Srpr= += +;1))

60 (B24)

where, in the second integration, the In cos ¢ was
2 ] 6
. ) A \

approxinmted by the scries T84 The
horizontal aceeleration following rotation is given
by

F=g(Fjw) sin ¢y (B25)
where ¢ 18 in radians and 1s held constant during
translation.  The total range equation including

range during rotation, coast, acceleration, and
deceleration is given by

7 ‘Pn Pa Y __/ S ©n
4 ( +oo ;15) I cos o + )

(4)
+ g(Ffw)y sin 99,,(1'* +2t, >
w

g (Fjw) sin <p,,tcfb—% In cos ¢, (B26)

The total fuel consumption (equation excludes fuel
required to torque vehicle) is given by

- _A74 =
(_ﬂ) :1“[ (sec gnt-tan ) “’“1”’:]
!

wy
"(ﬁ 2(Fjwit,
al,,

exp "—] (B27)
Sﬁ.

In the case where vehiele rotution is neglected,
equation (B27) reduces to

Q(F/u)f,, t,

w
—T=1—exp

B2y
W al,, al, (B28)

SPACE ADMINISTRATION

From equation (B26) (neglecting vehicle rotation
the equation for t, becomes

t {2 £
¢ L T ! . (
2+\/ 2T sing B

Substituting equation (B29) into (B28) yields tl
fuel consumption cquation

’lf__l

Wr_ —efp{ Q(I‘/Vw)
Wy

t: B iy ,,;
l: +J g (Fw) sulcp] (Ils,,} (B3t

From the condition of constant-altitude transl:
tion, it is evident that

(Fjw) cos p=1
Then

N

(F/w)

§1n p=

(B3

Substituting equation (B31) into (B30) results i
the fuel equation

w
H=1—erp| —
\ll‘o

i{ )2 if‘:{‘l_‘t([('/l{_))j) __
ANV g

(k) ,”}) (B3:

For minimum fuel consumption, the exponent i
equation (B32) must be minimized by use of parti:
derivatives. In the case of a given engine siz
Fjw, and range, the optimum coast time is

iz } (B3:

Substituting equation (B33) into (B32) and 1
arranging yield

2R

(B

(Fjw)—1

t=2 "
o \l"(l”w)ﬂlj (Fjw)*—

which is the equation for minimum fuel cor
sumption for translation with a single-engir
system neglecting vehicle rotation.



APPENDIX C

CHART SOLUTIONS OF BALLISTIC EQUATIONS

Charts are presenied in this appendix as an for optimum firing angle ¢ (constant for
aid in obtaining preliminary numbers for system given Fjw, as discussed in appendix B).
requirements for ballistic translational maneu- Ay, is the vertical component of veloeity
vers. The charts are useful because an iteration at the end of applied thrust.
process is necessary to obtain the solution of
ballistic motion equations in this application. Chart 1I. Represents the solution of the

The following is a list of the charts presented equation
indicating the cquation solved through the use 7
of the chart (see fig. 15 for the symbol notation): Ahb:g (z_u cos @—1) t

hart . Represents the solution of the
equation Ahy, is the altitude change due to applied
A=l (Ffw) cos o—1]t, thrust.

R

Tigure 15.—Typical ballistic trajectory.

17
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Crawr L Variation of thrust-weight Cranr 11—V

ratio with vertieal burnout veloeity.

AERONAUTICS AND SPACE ADMINISTRATION

ariation of change in altitude with veriical burnout veloeity.
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Chanrr HL-—Variation of thrust-weight Coarre IV, Variation of change in range with horizonial burnont velocity.

ratio with horizontal hurnout veloeity,

Chart 1. Represents the solution of the
equation

Al

&=y —sin ¢,
w

{15 the horizontal component of velocity
due to applied thrust.

Chart IV, Represents the solution of the
equation

gl .,
AR, =" o S et

2

ARy s the range change due to applied
thrust.

Chart V. Gives the final vertieal velocity
component after burnout

.’]1 :.}(»+ -\!}b

Chart VI. Represents the altitude or range
change due to initial vertieal or horizontal
veloeity

Ahg=1ot, 01 A2, Ft,

The total altitude change after burnout
is then the sum of Ak, from c¢hart 1T and
Alig, and the total range change is the sum
of AR, from chart TV and AR, from chart,
VI without the minus sign.

Chart VII. Represents the solution of the
equation

=2,

te i1s the coast time required to return to
burnout altitude h,=4h, if 18 positive
(upward).
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CHarrt V.- Final vertical velocity component after
burnout.
Burnout velocity, j, ft/sec

CLOSE LUNAR TRANSLATION TECHNIQUES

19

Cuarr VI~ -Variation of change in altitude with initial
vertieal veloeity.
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velocity,
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b
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to burnout altitude,

fe, SeC

CHarr VII. Vuarintion of vertical velocity with coast

time to burnout altitude.

Chart VIIL Represents the change in range
due to the coast period

AR =a . =0,

Chart I1X. Represents the altitude change
during free lall due to vertical velocity
and free-fall time

. t
Ahgr=1pat it g
Chart X. Represents the solution of the

equation
Ya=~ Yt 205y,

where #; is the vertical velocity alter free

full.

Chart XTI. Represents the change in range
during free fall given by the equation

A]‘)fj—il:it‘ff

H
(@]

o2
o

100

ft/sec

X‘,

velocity,

burnout

160

140

orizontol

Jiool

20 60T 8

5120

10,000
f1

8000
AR,

4000 6000
Range during coast,

2000 12,000

Cuart VIIT. Variation of change in range during coast
with coast time to burnout altitude.

Chart XIT. Represents the relation between
the absolute veloeity veetor and its hori-
zontal and vertical components as given by

Ey ];';

P eos 6 sin g

-

where 8 1s the flight-path angle.

Chart XIIT. Represents the analog solution
of the equation of motion during retrothrust
application (along the velocity veetor) for
Fhr=2,4, 6, 8, and 10. The changes in
ange and altitude are given by

17, cos 8di

Vising dt

Mt
Ah,zJ
t=0

for V=0 and 8=90°.
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Caart IX.—Altitude change during free fall CrarT X.—Variation of vertical velocity after free fall
due to verticul velocity and free-fall time. with free-fall altitude.
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and horizontal and vertical components.

To illustrate the use of the included charts for (2) Determine altitude and range change due
the solution of the ballistic translational maneu- to burning.

From chart 11, §,=157, t,=6 sec
From chart 1V, #,=178, {,=6 sec

ver, step-by-step solutions of two sample problems

are presented herein.

Example 1: Determine the fuel consumption Al,=1535 ft
rutio for a horizontal translation of approximately (3) Caleulate 7, and ;.
3 miles from an initial altitude of 10,000 feet.  The From chart V, 3, =57 ft/sec

Ty =&y +E,=204+178=198 [t/scc
(4) Determination of AL}, and Ak,
From chart VI, &,—20 {t/sece,

initial horizontal and vertical velocities are 20 and
—100 feet per second (downward velocity), re-

spectively, Yo —100 it fsce
A thrust-weight ratio of 8 is specified with the Ahy= — 600 {1
first (rial boost burning time ¢, of 6 seconds se- and, neglecting the minus signs  for
leeted. the range case,
AR=120 ft
(1) Determine g, and &,, (5) Determine the change in range during

From chart I, F/lw=8§, t,=06 sec coast return to burnout altitude from
Yo=157 {t/sec charts VII and VIII and &, =198 ft/scc.
From chart 111, Fjw=S8, {,=6 scc t,.=21 sce

Fy=178 ftsee AlEe=4100 fu



(6)

(8)

(9
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Determine the change in range during
free fall and absolute veloeity and flight-
path angle prior to retrothrust.

Select free-fall altitude.

Trial 1. Ahg,=8150 ft

From gy=—1=—>57 ft/sec (step (3))
and chart IX

ty=45 sec

From chart X, ;= —2302 ft/sec

From chart XI, &3=4,=198 ft/sec (step
(3))

AR,=8900 It

From chart XTI, y==—302 ft/see,

t; =198 ft/sec

2, =367 ft/sec, 9=57°

Determine change in range and altitude
during retrothrust.

From chart XIII, 2,==367 {t/sce, 6=57°
(step (2))

AR,=900 ft

Ah,=1500 ft

Summation of range and altitude.

R=AR AR, FAR A AR AR,
=1204-535+4100+8900-+900
—14,555 ft

Ah=Ahy+ Ak, + Aby 4 Ak,
= —6G00+475—8150—1500
=—0775 ft

Repeat steps (6) to (8) with Ak,=8350 ft

Al =8350 ft

Step (6a)

t,,=47 sce

5= —305 ft/sce

AR ,;=9300 ft

1, =370 ft/sec, =>57°

Step (7Ta)

2,=370 ft/sce

AR.=920 ft

Ah,=1520 ft

Step (8a)

R=14,975 ft

Ah=—9995 ft

Determination of theoretical fuel con-

sumption.

From chart XIII(d), ,=9.5 sec, {,=6 sec

Total burning time

f,—t,-1,=15.5 sec

21
01y [ O]

Wy al,,
8X15.5 5.4
:1_”7’(" 200 3207

=1—exzp (—0.052)=1—0.949=0.051

w, .
~L=5.1 percent
wy

Example 2: Determine the fuel consumption
ratio and range for the initial conditions of
example 1 when the vertical velocity component
is increased from —100 to —200 feet per second.
This will serve to illustrate a ballistic translation
where no coast period occurs after boost burnout.

(1)

(3)

(4)

(6)

Determine g, and &,.

From chart 1, Fjw=S§, t,=6 sce

7,=—157 ftfsee

From chart 111, Ffue=8, {,=06 sec

£,= 178 [t/scc

Determine altitude and range change due
to burning.

From chart 11, 5,=157 ft/sec, f,=06 sce
Al =475 ft

From chart 1V, &,=178 ft/sec, #,=6 sec
AR,=535 ft

Calculate ¢, and ;.

From chart V, g,=—43 {t/sec
g8y = 20+ 178 =198 ft/sec
Determination of AR and Ak,

From chart VI, =20 ft/sec and

o= —200 {t/sec

Ahy=—1200 ft

and, neglecting the minus signs for the
range case,

AR=120 {1

Inasmuch as 7, is downward (—43 {t/sec
from chart V), there is no coast period
as in example 1 and free fall occurs
immediately after the boost phase.
Determine the change in range during
free fall and absolute velocity and flight-
path angle prior to retrothrust. Seleet
free-fall altitude.

Trial 1. Ak,=8000 ft

From i, = —43 ft/sec (step (3)) and

chart 1X, ¢,=47.0 sec

From chart X, i7,=297 ft/sec
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(7)
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From chart XI, #,=4,=198 ft/sec
(step (3)), AR, =9315 It
From chart XII, j5,=—297 ft/sec,
i',:lQR [t/sec

=357 ft/see, 0=256.3°

Determine change in range and altitude
during retrothrust.

From chart X111, V=357
(step (6))

AR, =860 ft

A, =1430 ft

ft/sec, 6=>56.3°

Summation of range and altitude.

R=AR+- AR, 4- AR+ AR+ AR,
=120-+535+0-+9315-+-860
=10,830 ft

Ah = Aho+ Ay -F Ahy 4 AR,
=—1200+475—8000— 1430
=—10,155 It

Repeat steps (6) to (8) with Ah==7850 ft.

Step (6a)

s 46.5 sec

13==294 ft/sec

AR,;=9210 ft

V2353 It/see, 8=>56°

, Richard J., and Pauson,
Thrust and Trajectory  Considerations for Lung
Landings.

. Wrobel, J. Richard, and Breshears, Robert R.:
Landing Vehiele Propulsion Requirements,  Teel
Release 34-66, Jet Prop. Lab.,

AERONAUTICS AND SPACE ADMINISTRATION

Step (7a)

V=355 ft/see

AR, =870 ft

Ah,=1400 ft

Step (8a)

R=10,735 ft

Ah=9975 ft

Determination of theoretieal fuel cor
sumption.

From chart XI11(d), ¢,==9.14 sec,
ty=0 sec

Total burning time t,=¢,-t,=15.14 se
Yoy | IO
w, (1[3,,

A —ern _‘s(] ).74“
€1 400 G917

=1—exp(—0.0508)=1—0.95=0.050
REFERENCES
Werner M.: Som

NASA TN D-134, 1959,
Luna

C.IT., May 1, 196(
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Jaart NITIL Altitude ehange, range, and burning time during final retrothrust as funetions of initial flight veloeity and
flight-path angle.
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Cuarr X1 -Continued.  Altitude change, range, and burning time during final retrothrust as functions of initia
flight veloeity and flight-path angle.
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Ciart NTIT.  Continued.  Altitude ehange, range, and burning time during final retrothrust as functions of initial
flight veloeity and flight-path angle.
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Cuaxr XITI.  Continued. Altitude change, range, and burning time during final retrothrust as functions of initial
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